The ability of T-cells to respond to foreign antigens and to appropriately regulate this response is crucial for maintaining immune homeostasis. Using combinatorial peptide libraries, we functionally measured broad T-cell reactivity and observed impaired reactivity in established models of T-cell receptor repertoire restriction and in previously unrecognized disease contexts. By concurrently analyzing T-regulatory and T-effector cells, we show strong functional correlation between these subsets in healthy individuals and, strikingly, that alterations of this balance are associated with T helper type 2 (Th2)-mediated disease in a lymphopenic setting. Finally, we demonstrate that peptide-based priming of polyclonal naive cells with relatively low concentrations skews toward Th2 differentiation. These findings provide unique insight into the pathophysiology and functional consequences of abnormal T-cell repertoires and into differentiation of human naive T-cells.
The ability of T-cells to respond to foreign antigens and to appropriately regulate this response is crucial for maintaining immune homeostasis. Using combinatorial peptide libraries, we functionally measured broad T-cell reactivity and observed impaired reactivity in established models of T-cell receptor repertoire restriction and in previously unrecognized disease contexts. By concurrently analyzing T-regulatory and T-effector cells, we show strong functional correlation between these subsets in healthy individuals and, strikingly, that alterations of this balance are associated with T helper type 2 (Th2)-mediated disease in a lymphopenic setting. Finally, we demonstrate that peptide-based priming of polyclonal naive cells with relatively low concentrations skews toward Th2 differentiation. These findings provide unique insight into the pathophysiology and functional consequences of abnormal T-cell repertoires and into differentiation of human naive T-cells.
atopy | immune deficiency T he ability of T-cells to respond to foreign antigens is crucial in mounting immune responses against viral, bacterial, and fungal pathogens and relies on the recognition of antigenic epitopes by T-cell receptors (TCRs). As the specific ligands that will be encountered are unknown, the immune system relies on maintaining a diverse TCR repertoire to ensure effective responses. "Holes," or skewing of the repertoire, lead to missing responses and infection, as seen in HIV (1), aging (2) and various immune deficiencies (3) , or abnormal responses leading to autoimmunity or atopy (4) .
Global evaluation of T-cell reactivity is of fundamental importance for understanding disease etiologies and treating patients with suspected effector (Teff) or regulatory (Treg) T-cell repertoire abnormalities, but it is complicated by the need to assess the vast polyclonality of TCRs. MHC-tetramer technology has allowed for quantification of the number of epitope-specific CD8 or memory CD4 cells (5) , and more recent advances using magnetic bead enrichment, synthetic antigens, and polyclonal amplification techniques have allowed for enhanced detection of rare, naive antigen-specific cells (6) (7) (8) . However, examining selected peptides determined a priori precludes analysis of comprehensive TCR responsiveness. Well-established systematic approaches using synthetic-peptide combinatorial libraries have proven useful for identifying T-cell ligands including for transgenic mice (9) and T-cell clones (10, 11) . In theory, use of similar libraries in a fundamentally different manner could be used to evaluate the reactivity of polyclonal T-cell populations to arrays of peptides. Such an application could be used to better identify and characterize diseases associated with T-cell repertoire restriction.
Repertoire restriction could affect the extent of overlap in antigen-specificity in reactivity between Teff and Treg repertoires. Dysregulation of such a balance could contribute to disease phenotypes. Considerable evidence indicates that Teff and Treg cells respond to the same exogenous antigens, presumably to fight infection while maintaining immune homeostasis (12) (13) (14) . Studies in mouse models suggest that Treg TCR repertoire breadth and the antigen-specificity of Tregs are important determinants in the suppression of autoimmunity, whereas restricted Treg TCR repertoires, specifically in the context of lymphopenia, can lead to T helper type 2 (Th2)-associated disease (15) (16) (17) ; however, analogous associations have not been identified in humans. Despite evidence for the intersecting reactivity of Tregs and Teffs, clonotypic analyses repeatedly suggest that even in the context of restricted TCR repertoires, the TCRs of Tregs are largely distinct from effector cells (18) (19) (20) (21) (22) , complicating the recognition of abnormalities in regulatory cell specificity. Characterization of such diseases could have implications for treatment and for the role of Tregs in allergy and other forms of immune dysregulation.
We have used combinatorial peptide libraries to study the breadth of human polyclonal T-cell responses. By quantitatively evaluating responses of CD4 cells to a group of these libraries, we were able to discriminate normal and abnormal T-cell functional diversity in a variety of diseases. We also investigated the functional overlap between Treg and Teff reactivity and demonstrate that abnormalities in this overlap are associated with allergic disease in lymphopenic settings, providing evidence for an important role of regulatory cell antigen-specificity in immune surveillance. Finally, we examined human polyclonal CD4 differentiation from naive precursors and show that low peptide dose can skew toward Th2 differentiation.
Results
Peptide Pools Induce MHC Class II-Dependent Activation and Proliferation of CD4 Cells. To measure global functionality of T-cell subsets, we wanted a system capable of surveying reactivity to a broad array of antigens without particular concern for discerning individual activating epitopes. Previous studies have demonstrated the ability of soluble combinatorial peptide libraries to elicit proliferation of T-cell clones (9), and we speculated that they could be used to activate polyclonal T-cells. We synthesized pools of 15-mer peptides fixed at a single amino acid position and randomized at the other 14 positions (Table S1 and SI Experimental Procedures). The defined length of 15 amino acids optimized the system for stimulation of CD4 cells (23) , and similar approaches in CD8 cells would be complicated by strict peptide length requirements (24) . Twenty pools (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) were fixed with one of each of the 20 amino acids at position five, another 20 (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) at position six, and another 20 (41-60) at position eight. Each of the nonfixed positions was synthesized with a random amino acid. Given the possibility for peptide ends to lie outside the open-ended MHC class II molecule (25), we chose central positions to fix to maximize the likelihood that those residues would lie within the binding groove.
Peripheral blood mononuclear cells (PBMCs) from a healthy donor were stimulated with individual peptide pools, and activation was measured by surface up-regulation of CD69 and CD98 on CD3+CD4+ cells after 40 h (Fig. 1A) . The similar kinetics of CD69 and CD98 allowed for robust and consistent short-term measurement of activation. Individual pools induced up-regulation of these markers in a small but measurable percentage of cells ( Fig. 2A) . Similar activation was measured in naive or memory cells (Fig. 1B and Fig. S1A ). The phenotypes of reactive cells were not significantly altered by stimulation, as sorted naive cells stimulated with these peptide pools in the presence of autologous dendritic cells (DCs) showed minimal changes in surface markers (Fig. S1B) . Six-day stimulation (Fig.  1B) led to proliferation of peptide-specific cells, as measured by carboxyfluorescein succinimidyl ester (CFSE) (Fig. 2C) . Stimulation was dose-dependent ( Fig. S1E ) and could be inhibited by an MHC class II blockade that did not reduce activation induced by anti-CD3 and anti-CD28 ( 
Aggregation of Responses to Multiple Peptide Pools Allows for
Functional Analysis of CD4 T-Cell Repertoire. PBMCs were divided into 60 wells, each stimulated with a single peptide pool ( Fig. 1 A  and B) . In a single donor, the levels of CD69 and CD98 surface up-regulation and proliferation differed across peptide pools ( Fig. 3A and Fig. S1F) . We ranked the aggregate responses from largest to smallest, and responses were designated positive when the measured value was greater than four SDs above the mean of five unstimulated PBMC wells (Fig. 3B) . Data from 11 healthy donors could be represented by mean and SE across peptide pools ( Fig. S1 G and H) . Interestingly, compiled data revealed that certain fixed positions encouraged greater TCR binding across multiple donors, which could reflect public T-cell responses or differences in universal biochemical affinity for certain residues (26, 27) . As anticipated, across individuals, levels of short-term activation correlated with, but were not always accurate predictors of, proliferation (Fig. 3C ). In addition, there was considerable overlap of reactivity between naive and memory subsets (Fig. 3D) .
Although commonly used techniques for measuring TCR repertoires generally focus on numerical diversity, this method was instead focused on reactivity. We aimed to gauge the ability of an individual's T-cell compartment to respond to a broad spectrum of antigenic stimuli, which provides different information about TCR repertoires beyond whether the responding cells are clonally related or distinct. We therefore examined several models of altered TCR repertoires to measure the alteration's effect on functional diversity.
Previous studies have shown that naive cells have greater numerical TCR diversity than memory cells (28, 29) . Across multiple healthy donors, naive CD4 T-cells appeared to have a more broad functional reactivity than memory cells, and collectively, naive cells responded positively to a mean of 89% and memory cells to a mean of 72% of peptide pools (Fig. 4A ). It is possible that memory reactivity is underestimated, as memory cells had significantly higher background activation than naive cells, increasing the level of CD69/CD98 up-regulation required for a positive response. However, memory cells have been shown to have a decreased threshold of activation (30) , which would be expected to increase the measured breadth of reactivity. Differences in background activation were not observed in any other comparisons we performed.
We next examined TCR reactivity across a large donor age range, as it has been reported that clonotypic TCR diversity of naive cells decreases with age (31) . Functional naive diversity did indeed decrease with age, seemingly most markedly after the age of 80 y (Fig. 4B ). However, in contrast to previous data using limiting dilution, we found that memory responsiveness was unchanged ( Fig. S2A) (31) . Background activation of naive cells or TCR reactivity of both subsets with anti-CD3 and anti-CD28 stimulation did not vary with age (Fig. S2B) . to investigate repertoire restriction in immunologic diseases. We first analyzed samples from patients with idiopathic CD4 lymphopenia (ICL), a disorder with unknown etiology characterized by low CD4 counts and opportunistic infections (32) that had been reported to be associated with reduced TCR repertoire when measured by heteroduplex analysis (33) . We found marked functional restriction of the naive TCR repertoire in patients with ICL, but not the memory compartment (Fig. 4 C and D and Fig. S2C ), suggesting that the functional repertoire restriction is confined to this subset. Again, anti-CD3 and anti-CD28 stimulation and background activation were not different between patients and control participants (Fig. S2E ). In addition, within the ICL cohort, the percentage of positive responses was not dependent on total CD4 counts (Fig. S2D ).
To further confirm that activated CD4 cells were independent of the overall percentage of CD4 cells, CD4 cells from a healthy donor were sorted, titrated back into the PBMCs at decreasing ratios, and stimulated with a peptide pool, which did not affect the surface activation levels (Fig. S2F) . We next examined a previously unstudied model of repertoire restriction by analyzing the reactivity of central memory CD4 cells from participants with STAT3 mutations leading to the autosomal dominant hyper-IgE syndrome (AD-HIES). Central memory cells from these patients have increased Ki-67 expression, consistent with high turnover compared with control patients (34) . Such turnover either could be a result of compensatory homeostatic clonal expansion in response to the reduction of total central memory cells, which would lead to a reduction in the functional diversity of the cells, or could represent a differentiation state that immediately follows or precedes entry to or exit from this memory compartment, which should have no effect on diversity. Autologous monocyte-derived DCs were cocultured with sorted cell subsets, stimulated with peptide pools for 40 h, and stained for CD69 and CD98 surface expression (Fig. 1C) . AD-HIES central memory cells responded positively to far fewer peptide pools than did control central memory cells (Fig. 4 E and F) . This was not due to either an antigen-presentation or an intrinsic signaling defect because the frequency of peptide-responsive AD-HIES-naive cells was similar to that seen in control patients, and the central memory cells up-regulated CD69 and CD98 appropriately after anti-CD3 and anti-CD28 stimulation (Fig. S3 A and B) . (Fig. 5 A and B) . In healthy donors, we found a strong and statistically significant correlation between Teff and Treg functional reactivity, indicating intersection of antigen reactivity ( Fig. 5 C and E) . Previously unactivated Tregs are most likely the source of these Foxp3+ Helios+ cells after activation, as similar activation of sorted CD25− CD127+ CD4 cells did not lead to significant Foxp3 or Helios up-regulation (Fig. S4A) , and the small percentage of CD69+/CD98+ Tregs in unstimulated wells was similar to the total number of CD4 cells.
We then used our approach to determine whether a lack of functional correlation between Treg and Teff TCR repertoires might explain immune dysregulation seen in two models of human allergic disease associated with lymphopenia. Reconstitution of lymphopenic mice with a limited TCR repertoire can lead to elevated serum IgE and Th2 pathology, which appears to be dependent on the complexity of Treg TCRs (16) . We therefore speculated that impaired functional overlap between Tregs and Teff could cause analogous, previously unreported allergic phenotypes defined by high IgE and atopy in a subset of patients with ICL (Table S2 ) or in a subset of patients treated for SCID resulting from adenosine deaminase deficiency (ADA-SCID) (Table S3 ) who also have high IgE and atopy.
We found that ICL patients with atopic phenotypes had markedly reduced correlation of Teff and Treg reactivity compared with patients with ICL without elevated IgE (Fig. 5 D and E) and that these results could not be accounted for by lower total CD4 cell counts or by cell signaling defects ( Fig. S4 B and C) . The presence of severe atopy alone does not necessarily lead to such Treg/Teff functional imbalances, as a patient without lymphopenia but with severe, uncontrolled atopic dermatitis had a normal Treg/Teff correlation (Fig. S4D) .
Similar results were obtained from patients treated for ADA-SCID when comparing those patients with high IgE and specific allergic phenotypes with those patients without (Fig. 5E ), even though similarly weakened TCR activation, elevated Th2 cytokines, and lymphopenia were noted in both atopic and nonatopic patients. Similar to the patients with ICL, these results suggest that the specific allergy noted in patients with ADA-SCID is associated with discordance between Treg and Teff reactivity.
Peptide Libraries Induce Differentiation of Naive CD4 Cells, and Low Peptide Dose Skews Toward Th2 Differentiation. In addition to the failure of Treg repertoires to adequately suppress Teff, the development specifically of Th2 disease in the context of lymphopenia has been postulated to be a result of the lack of highaffinity competition for given antigens (35) . This is predicated on the assumption that lower-affinity T-cells would differentiate into Th2 cells because of weaker TCR signaling at priming (36) . However, this phenomenon has not been directly observed in human cells because of the difficulty in identifying peptides that could prime sufficient numbers of polyclonal naive T-cells. Sorted naive, CFSE-labeled CD4 cells were cocultured with autologous monocyte-derived DCs and peptide pools (Fig. 1D) . On day 7, cells were restimulated with phorbol-12-myristate-13-acetate/ionomycin and examined for cytokine production. Short-term activation, proliferation, and both Th1 and Th2 cytokines were observed with peptide pool priming in serum-free media with only exogenous IL-2 added (Fig. 6 A-C) . Lower peptide doses led to a greater percentage of IL-13+ and IL-4+ cells among expanding cells and greater IL-4 transcript, as measured by real-time PCR, even with almost identical levels of proliferation at the higher doses (Fig. 6 D  and E and Fig. S4E ). Likely because of differences in stimulation, Th2-promoting doses differed between peptide pools and individuals; however, unlike IL-13 and IL-4, IFN-γ did not increase at lower concentrations (Fig. S5A) . 
Discussion
Using combinatorial peptide libraries, we have functionally evaluated global TCR repertoires and studied the differentiation of polyclonal naive cells using peptide antigens. The purpose of using these libraries was not to mimic or discover naturally occurring antigens but, rather, to broadly sample TCR reactivity and to assess TCR repertoires on a functional, rather than numerical, basis. Our results corroborate the findings of commonly used measurements of TCR diversity in several models of restricted TCR repertoires and provide further insight into diseases associated with TCR repertoire restriction. Simultaneous assessment of Treg and Teff repertoires revealed considerable functional intersection between these subsets in healthy individuals and that disruption of this parity correlates with failure to control Th2-associated disease in lymphopenic settings. Finally, we provide evidence that human T-cells are predisposed to Th2 differentiation with weak antigenic stimulation at priming. Given the vast polyclonality of T-cells, the requirement of TCR specificity for activation, and the sheer number of individual peptides making up the combinatorial peptide libraries, it is difficult to analyze the specific peptide-MHC-TCR interactions occurring in our system. Of note, the libraries are not fully defined. The synthesized peptides likely represent a selection from a much larger theoretical pool because of biochemical constraints, which worked to our advantage, as the sparser subset of all possible peptides led to a meaningful dynamic range of activation. Our goal was not to further characterize the T-cells that respond to the peptide pools, such as whether their TCRs are related or distinct, or the types of peptides eliciting a response but, rather, to provide an unbiased view of global T-cell reactivity. Regardless of whether the cells responding to pools are clonally similar or diverse, a larger response to an individual pool or broader responses to many pools suggests an enhanced capacity to react to broad antigen repertoires. Several limitations exist with most current measures of TCR repertoires; perhaps most important, that functionality is not directly measured but, rather, inferred from numerical measures. Sequencing of TCRs may provide the most direct measurement of diversity currently available, but technical constraints prevent analysis of heterodimer αβ chains, thus omitting a significant source of functional TCR responsiveness (28) . More important, primary TCR sequences do not confer knowledge of functional diversity: Single TCRs may be cross-reactive for multiple peptides, which can confer protection against infection or cause autoimmunity, and multiple TCRs can react to a single antigen (37) (38) (39) (40) . Further, the overlap in reactivity between T-cell subsets with distinct TCR sequences would go unrecognized using TCR sequencing alone. Our approach provides a direct method for measuring TCR functional diversity as it manifests in T-cell activation and proliferation and represents a complementary approach to TCR sequencing.
As recognized in previous studies, the observed age-associated decline in the naive repertoire has important implications for primary T-cell responses of older individuals (31) . Analysis of the repertoires of patients with ICL suggests that they are able to effectively generate a diverse memory compartment, even though the functionality of their naive repertoire is compromised. We have also revealed restricted functionality of AD-HIES central memory repertoires, potentially contributing to the increased risk for varicella zoster virus (VZV) reactivation seen in these patients that was originally attributed solely to the reduction in number of central memory cells (34) .
Reports investigating the intersection between Treg and Teff repertoires in mouse models have shown that TCR CDR3 sequences can overlap to a limited degree (19) (20) (21) ; however, distinct Treg and Teff TCR repertoires appear able to respond to the same foreign antigen (18, 41) . Our data indicate that there is considerable correlation in reactivity between Treg and Teff subsets in normal control patients, implicating a mechanism for the control of inflammation in which effector and regulatory cells are activated by similar antigenic epitopes.
Although severe impairment of Treg activity leads to marked autoimmunity and allergic phenotypes in both humans and mouse models (42, 43) , it is unclear whether milder abnormalities such as the failure of antigen-specific Tregs to regulate effector cells specific for the same antigens could account for less severe clinical phenotypes. We show that reduced correlation of Treg and Teff reactivity to peptide pools in both patients with ICL and patients treated for ADA-SCID is associated with high IgE levels and allergy. A previously proposed mechanism for the development of Th2 pathology could account for this association: Studies in mice have found that restricted Treg repertoire combined with fewer total CD4 cells could lead to the emergence of low-affinity effector cells, which are normally suppressed by regulatory T-cells and concealed by high-affinity responses, responding to antigen (16, 35) , and that these weak TCR interactions tend to favor Th2 differentiation, as previous studies have shown in mice (36) and as shown by data here in humans as well. Lymphopenia may exacerbate the potential for Treg/Teff discordance, and it is possible that similar dysregulation could exist in lymphoreplete settings.
The findings described here have many implications for both basic and clinical research. The restricted reactivity of the repertoires observed here in several contexts are likely to have functional consequences, such as increased infection in older individuals and patients with ICL, as well as increased susceptibility to VZV reactivation in patients with AD-HIES. Functional measurement of global Teff/Treg overlap may help predict and understand disease states such as autoimmunity or immune reconstitution inflammatory syndromes and graft vs. host disease. The significant correlation between activation of Treg and Teff subsets in normal control patients warrants further investigation into how this overlap manifests during antigen encounter, whereas the breakdown in this relationship underlying a Th2 phenotype suggests therapy targeting Treg specificity for the treatment of allergy. Wedded with TCR sequencing, measurement of functional overlap of activated Treg and Teff would permit direct interrogation of the relationship between the two repertoires. Furthermore, investigation of peptide-induced differentiation of naive cells may aid in the understanding of human polyclonal T-helper differentiation, which to date has only been studied with mitogens and superantigens. Stimulation Assays. PBMCs were thawed, washed with PBS, and resuspended at 1 million cells per milliliter in Roswell Park Memorial Institute medium 1640 (GIBCO) supplemented with 10% (vol/vol) FCS (Gemini Bio-Products), 100 U/mL penicillin, 100 μg/mL streptomycin, 29.2 μg/mL L-glutamine (all GIBCO) (R-10), and 5 U/mL recombinant human IL-2 (5 U/mL, PeproTech). To single wells in a 96-well plate, 200 μL of cell suspension were added such that each well contained 200,000 cells. For proliferation assays, the CellTrace CFSE Cell Proliferation Kit (Invitrogen) was used according to the manufacturer's protocol. Cells were stimulated with peptide pools (final concentration 100 μM, unless otherwise noted), staphylococcal enterotoxin B (1 μg/mL, Sigma-Aldrich), or anti-CD3 (OKT3; 1 μg/mL, eBioscience) and anti-CD28 (1 μg/mL, BD Biosciences). After 40 h or 6 d, cells were washed and analyzed by flow cytometry.
Experimental Procedures
Coculture Assays. CD14+ monocytes were purified from PBMC by positive selection with antibody-coated microbeads (Miltenyi Biotec) and cultured in R-10 with IL-4 (50 ng/mL, R&D Systems) and GM-CSF (100 ng/mL, PeproTech). After 5 d, TNF-α (10 ng/mL, R&D Systems) was added to activate DCs. On day 7, naive (aqua−CD3−CD4−CD25−CD27−CD45RO−) or central memory (aqua− CD3−CD4−CD25−CD27−CD45RO−) cells were purified by FACS sorting and cocultured at a ratio of 50:1 with autologous DCs in X-Vivo 15 serum-free media (Lonza). Cells were then cultured for 7 d before restimulation with phorbol-12-myristate-13-acetate (20 ng/mL, Calbiochem) and ionomycin (1 μM, Calbiochem) in the presence of Brefeldin A (10 μg/mL, Sigma) for 6-12 h. Intracellular cytokine staining was then performed. 
